ABSTRACT 2-Chlorocyclohexa-2,5-diene-1,4-dione (CBQ) or 2-chloro1,4-benzquinone is one of the common metabolites of polycyclic aromatic hydrocarbons generated through industrial processes. This report describes the biological effects of CBQ toward ribonuclease A (RNase). We also investigated the inhibition of RNase modifications and the reactivity of CBQ toward selected amino acids. The study was carried out by incubating RNase or amino acids with CBQ in a concentration-and a time-dependent manner at 37˚C and pH 7.0. SDS-PAGE results showed oligomerization as well as polymeric aggregation of RNase when incubated with CBQ as early as in 10 min. CBQ-induced RNase modifications were inhibited in the presence of NADH or ascorbic acid. CBQ reactivity toward selected amino acids was also evaluated by determining the second-order rate constants for the reactions of CBQ with selected amino acids. It was found that the reactivity toward CBQ decreased in the order of lysine > threonine > serine >> aspartate > cysteine.
INTRODUCTION
Chlorinated benzenes (CBs) and their metabolites have been the focus of biochemical and toxicological studies since CBs are commonly used in industrial processes [1] [2] [3] [4] [5] [6] . Chlorobenzene is known for targeting reproductive tissues and the nervous system [3, 4] . p-Dichlorobenzene, a component for pesticides and mothballs, was found to be associated with neurotoxic effects and carcinogenicity [5, 6] . The degradation pathways of CBs were found to be similar to that of polycyclic aromatic hydrocarbons (PAHs) leading to the formation of quinone metabolites [7] [8] [9] [10] [11] . Specifically, Li and coworkers carried out an extensive mechanism study on the formation of various halobenzoquinones including chlorobenzoquinones generated as the by-products of drinking water disinfection and the intermediates formed in waste water by oxidants [8, 9] . Shen and coworkers revealed that the photocatalytic degradation of chlorophenols involves the formation of chlorobenzoquinones [10, 11] .
The details on how CBs and chlorobenzoquinones exhibit their toxicity remains to be studied, however one can postulate a mechanism similar to the well-studied case for PAHs [12] [13] [14] [15] [16] . The toxicity of PAHs is thought to arise from their metabolites, PAH quinones [13] . PAH quinones are expected to react with cellular proteins and nucleic acids, thus leading to cell toxicity [14] [15] [16] . Many studies concentrated primarily on the action of chlorobenzoquinones modifying DNA or the key components of DNA [13, 17, 18] . Li and coworkers studied the binding interactions of various halobenzoquinones and oligonucleotides [17] , while Sturla and coworkers characterized a deoxyguanosine adduct of tetrachlorobenzoquinone [18] . In contrast to chlorobenzoquinones' effect on DNA, only few studies are available regarding chlorobenzoquinone-induced protein modifications [19] [20] [21] . Hanzlik and coworkers pioneered the investigation on protein modifications induced by a quinone-derived bromobenzene, suggesting the mechanism of the quinone's action as adduct formation [19, 20] . Krajewska and coworkers carried out a thorough investigation on the arylation and oxidation of thiol groups in urease through the actions of four quinones including tetrachloro-1,4-benzoquinone [21] . Accordingly, our laboratory has investigated the nature of protein modifications induced by 2-chlorocyclohexa-2,5-diene-1,4-dione (CBQ) known as 2-chloro-1, 4-benzoquinone using ribonuclease A (RNase). As shown in Figure 1 , CBQ can modify a protein in three different ways. First, CBQ can induce cross-linking to form protein oligomers. This involves the oxidation of a lysine to an allysine (i.e., aldehyde containing lysine) followed by the condensation of the formed allysine with an intact lysine. Second, redox-cycling between CBQ and 2-chloro-hydroquinone (CHQ) may lead to the formation of reactive oxygen species (ROS) which can be fatal to biological molecules. Third, CBQ can attack a protein and form an adduct with a nucleophilic amino acid in the protein. For the present study, RNase was chosen as a model protein since it is a commonly used protein for studying protein modifications [22, 23] . We utilized simple and non-invasive approaches such as gel electrophoresis (i.e., SDS-PAGE) and UV-Vis spectroscopy coupled with a hydrazone trapping method to visualize changes in the molecular weight (MW) of RNase and to monitor the adduct formation between RNase and CBQ. In particular, hydrazone trapping experiments were carried out to monitor the level of oxidized lysine residues [24] , and inhibition studies were carried out to see the interplay of reducing agents and redox-cycling of CBQ/CHQ in the presence of NADH and ascorbic acid (AS). In addition, the reactivity of CBQ toward selected amino acids was evaluated kinetically by determining the second-order rate constants with lysine (Lys), serine (Ser), threonine (Thr), aspartate (Asp), and cysteine (Cys).
MATERIALS AND METHODS
All chemicals were purchased from Fisher and of reagent grade unless specified otherwise. The water used in the study was Milli-Q water purified by a Millipore system (Milli-Q water). Ribonuclease A (from bovine pancreas) was purchased from Sigma. Electrophoresis units for minigels were purchased from Fisher. Dialysis was carried out using a 3-mL Float-A-Lyzer with a molecular weight (MW) cutoff of 3.5 kDa, which was purchased from Spectrum Laboratories. Spin column was purchased from Millipore (Millipore Microcon-YM3) with a MW cutoff of 3 kDa.
RNase Modifications Detected by 1D-SDS-PAGE
Aliquots of RNase stock solution were diluted to have a final concentration of 0.145 mM RNase and treated with CBQ (0.50, 1.0, and 5.0 mM) in phosphate buffer (pH 7.0, 50 mM). Each solution was then incubated at 37˚C for various time periods, followed by immediate cooling at 0˚C. The samples above were submitted to trichloroacetic acid (TCA) precipitation according to the published procedure [23] . Then, the TCA-treated samples were submitted to SDS-PAGE analysis. For the SDS-PAGE analysis, all proteins were separated on a 10% SDS-PAGE gel according to the method of Laemmli [25] . Pierce Blue Prestained Protein Molecular Weight Marker Mix (Cat. # 26681) was used as a reference to determine MW of protein bands [26] . Protein bands were visualized by staining the gels with 0.1% Coomassie brilliant blue R-250 blue.
Inhibition of RNase Modifications Detected by SDS-PAGE
RNase (0.145 mM) was incubated with CBQ (5.0 mM) in the presence of NADH or (L)-ascorbic acid (AS) at 0, 1.0, 5.0, 10, and 50 mM, respectively, in phosphate buffer (pH 7.0, 50 mM) at 37˚C for 60 min. Then, each reaction mixture was submitted to SDS-PAGE analysis according to the procedure described above.
RNase Modifications Detected by UV-Vis Spectroscopy
UV-Vis spectra were obtained using Biospec-1601 spectrophotometer by Shimadzu and UV Probe 2.3 Software with a jacketed (temperature controlled) cell compartment to maintain the physiological temperature. The reaction of CBQ (1.0 mM) and RNase (0.012 mM) was initiated by adding an aliquot of a freshly prepared CBQ stock solution to an RNase-containing solution that was equilibrated at 37˚C for 15 min. Then, the reaction mixture was dialyzed against phosphate buffer (pH 7.0, 50 mM, 600 mL × 3 per 3 mL sample) at 4˚C for 4 h. The dialyzed samples in a 1 cm-path length quartz cuvette were submitted to UV-Vis scanning. The unmodified RNase was subjected to the same procedure except the addition of CBQ.
Reactions of the Modified RNase with 2,4-Dinitrophenylhydrazine
2,4-dinitrophenylhydrazine (DNP) stock solution was prepared according to the published procedure [24] . An aliquot of the post-dialyzed RNase was incubated with an equal volume (0.50 mL) of 10 mM DNP solution at room temperature for 30 min. Then, an aliquot (0.25 mL) of the DNP-treated sample above was loaded into a Millipore spin column and submitted to centrifugation at 12,000 rpm for 2 h at 4˚C to remove liquid and excess DNP. The residue was recovered from the spin column and re-suspended in 3 mL of guanidine (6 M) solution prior to the submission to UV-Vis scanning.
Reactions of CBQ and Amino Acids Detected by UV-Vis Spectroscopy
The reactions of CBQ (0.010 mM) and selected amino acids (20 mM) were monitored by UV-Vis spectroscopy under pseudo-first-order conditions with excess amino acids in phosphate buffer (pH 7.0, 50 mM) in a 1-cm path-length quartz cuvette. The reaction was initiated by adding an aliquot of a freshly prepared CBQ stock solution to the amino acid-containing solution which was equilibrated at 37˚C for 10 min, and the reaction mixture was submitted to UV-Vis scanning.
Kinetic Analysis for the Reactions of CBQ with Amino Acids
The pseudo-first-order rate constants (k obs ) of the reactions of CBQ and selected amino acids were calculated from the rate of a decrease in the intensity of the absorption due to CBQ using the first-order rate equation:
where t is time (min), A ∞ is absorbance at infinity which was obtained at 8× half-life or longer, A t is absorbance at time t, and A 0 is absorbance at the initial time point. The disappearance of CBQ in the reaction was monitored by following the change in absorbance at 255 nm (A 255 ) recorded at Shimadzu UV-Vis spectrophotometer. The pseudo-first-order rate constants were normalized to the second-order rate constants (in units of M ) by dividing by the used amino acid concentration.
RESULTS

RNase Modifications Detected by 1D-SDS-PAGE
To evaluate the efficiency of CBQ in terms of protein cross-linking, RNase (0.145 mM) was incubated with CBQ (0.50, 1.0, 5.0 mM) at various time periods, and the reaction mixtures were visualized by SDS-PAGE. For the 0.50 mM CBQ-treated RNase, three protein bands appeared with the determined MWs of 33 kDa, 53 kDa, and 70 kDa in addition to the intact RNase band at 14 kDa (Figure 2(a) ). As CBQ concentration increased to 1.0 mM, a smearing band appeared in the region of high MW. The formation of the smearing band became evident after 120 min (Figure 2(b) ). For the 5.0 mM CBQtreated RNase, the multiple bands at the lower MW range and the smearing band at the higher MW range appeared as early as in 10 min of incubation (Figures 2(c)  and (d) ).
Inhibition of RNase Modifications Detected by 1D-SDS-PAGE
In order to examine the effect of common antioxidants on the redox-cycling of CBQ/CHQ, RNase and CBQ were reacted in the absence and presence of NADH or AS at pH 7.0 and 37˚C for 60 min. For the unmodified RNase, a single band appeared at the bottom of the gel (Figures 3(a) and (b) , first lane). At 5.0 mM of CBQ and various amounts of NADH, multiple bands including a smearing band appeared except at the higher amount of NADH. A similar feature was observed when AS was present instead of NADH (Figure 3(b) ). Figure 3(c) shows the solutions of the same incubation reactions as the series from Figure 3(b) . As the concentrations of NADH or AS increased from 5.0 to 50 mM, there was a reduction in the formation of the multiple bands as well as a decrease in the intensity of the smearing band. The disappearance of the smearing band was almost complete when 10-fold NADH or 2-fold AS was present in the system. These results showed that both NADH and AS were able to suppress the formation of the multiple protein bands, and that AS was found to be more effective, exhibiting the same level of inhibition with 5-fold lower concentration than when using NADH.
RNase Modifications Detected by UV-Vis Spectroscopy after Dialysis
In order to examine adduct formation as well as oxidation of RNase induced by CBQ, UV-Vis spectroscopic experiments were coupled with a hydrazone trapping method. Reactions were carried out by incubating RNase with CBQ at pH = 7.0 and 37˚C for 1, 24, and 48 h, respectively. Figures 4(a) and (b) show the representative UV-Vis spectra of the unmodified RNase and the modified RNase, respectively, after dialysis. The spectra of the unmodified RNase were recorded up to 24 h, revealing λ max at 277 nm, and showed no feature change over time (Figures 4(a) ). However, the CBQ-treated/ post-dialyzed RNase samples exhibited a significantly different spectral feature compared to the unmodified RNase, accompanying two chromophores developed at 280 nm and 350 nm as time progressed (Figures 4(b) ).
There was 2-fold increase in A 280 (from 0.77 to 1.82) and approximately 3-fold increase in A 350 (from 0.36 to 1.04) as the incubation time increased from 1 h to 24 h. However, this increasing trend in A 280 and A 350 slowed down and reached a plateau after 24 h.
Reactions of CBQ and Amino Acids Detected by UV-Vis Spectroscopy
In order to get insight on how fast CBQ reacts with nucleophilic amino acids, CBQ were reacted with selected nucleophilic amino acids (Lys, Ser, Thr, Asp, and Cys, respectively) in phosphate buffer at 37˚C. The reactions were monitored by UV-Vis spectroscopy in a timely manner under aerobic and pseudo-first-order conditions using excess amino acids (200-fold more). For the control, the spectra of CBQ in phosphate buffer at 37˚C were obtained, where CBQ concentrations were varied from 0.010 mM to 0.325 mM in a 0.025 increment for each scan, respectively (Figure 4(d) ). The CBQ spectra display two distinctive chromophores at 255 nm (λ 255 ) and 330 nm (λ 330 ) over various CBQ concentration ranges. Figure 4(e) illustrates the time-progressive UV-Vis spectra of a representative reaction of CBQ (0.10 mM) and Lys (20 mM) in phosphate buffer at 37˚C, which was monitored every 2.5 min up to 92.5 min. As CBQ was reacted with Lys, λ 330 shifted to λ 354 , and a new chromophore developed at 290 nm which was absent in the control CBQ spectra.
The time-progressive spectral feature of CBQ + Lys included the decrease of A 255 , the increase followed by the decrease of A 290 , and the increase of A 354 . The timedependent spectra of CBQ + other amino acids, except for CBQ + Cys, presented similar features, showing absorption bands at 255, 290, and 354 nm. In contrast to the reactions of CBQ + Lys, the reaction progress of CBQ + Cys appeared to be slower (Figure 4(f) ), as shown in the UV-Vis spectra monitored every 30 min up to 300 min. In order to evaluate the reactivity of CBQ toward various amino acids, pseudo-first-order rate constants were normalized to obtain second-order rate constants, by following the time-dependent change in A 255 corresponding to the consumption of CBQ. The calculated second-order rate constants were 0.20, 0.11, 0.14, and 0.006 M 
DISCUSSION
Based on the observed protein bands at 33, 53, and 70 kDa in SDS-PAGE (Figure 2) , the presence of CBQ was found to result in RNase oligomerization. The smearing band at the higher MW regions indicates that CBQ caused also extensive polymeric aggregation, in addition to oligomerization. Figure 2(c) illustrates the polymerization occurred as early as in 10 min with a higher concentration of CBQ.
Previously, we reported that 1,4-benzoquinone (PBQ) exhibited a similar modification feature in 30 min which is 3-fold longer than the one for CBQ [23] . This suggests that CBQ is more effective than PBQ in terms of RNase polymerization. Without including covalent linkages of RNase to CBQ, the calculated MW values for RNase oligomers are 27, 41, and 55 kDa, respectively. The MW values observed in SDS-PAGE experiment are slightly higher than the calculated MW values for oligomers suggesting that adduct formation of RNase and CBQ occurred simultaneously with RNase crosslinking.
The inhibition study shows that the presence of NADH or AS suppressed RNase modifications, based on the reduced number and intensity of protein bands, with AS being more efficient than NADH (Figure 3) . The lack of RNase polymerization observed in SDS-PAGE (Figures 3(a) and (b) ) is in agreement with the observed loss of reddish-brown color of the incubation solution as the amount of AS increases (Figure 3(c) ). It is known that NADH and AS intervene with the redox cycling of quinones, generating superoxide [27] [28] [29] [30] [31] . Our SDS-PAGE results show that NADH and AS can influence redox-cycling of CBQ and serve as efficient inhibiting agents for the CBQ-induced RNase modifications.
The full-scan UV-Vis spectra of the modified, postdialyzed RNase (obtained after removal of CBQ and CHQ) show two chromophores at 280 and 350 nm (Figure 4(b) ), which are not present in the spectra of the unmodified RNase (Figure 4(a) ). These newly developed chromophores for the modified RNase indicate that RNase was covalently linked to CBQ. The time-dependent changes in A 280 and A 350 occurred within 24 h of incubation and plateaued in time. This plateauing feature is anticipated since RNase has a limited number of nucleophilic amino acids susceptible to alkylation. ) and the slow spectral change for CBQ + Cys (Figure 4(f) ) are consistent with the later spectral development observed for the post-dialyze RNase between 1 -48 h incubations (Figure 4(b) ). The lower rate constant for CBQ + Asp is expected since the α-carboxylate group of Asp does not serve as a good nucleophile. However, the slow reaction of Cys and CBQ is unexpected considering that BQ and Cys of RNase are known to form a well-identified adduct [32, 33] .
CONCLUSION
In conclusion, our study revealed that the nature of CBQ-induced RNase modifications is complex involving cross-linking, adduct formation, and redox cycling. We presented the evidence that CBQ induces massive polymeric aggregation of RNase, which can lead to potential toxicity of CBQ. In addition, we demonstrated that the activity of CBQ was inhibited by antioxidants such as NADH and AS. The reactions of selected amino acids and CBQ showed that CBQ can react readily with nucleophilic amino acids such as Lys, Thr, and Ser.
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